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having a thickness of 10 nm or greater, and exhibiting a
moisture release rate from the film of 1E18 mol./cm? or less.
Further, there is provided a process for producing a metal
oxide film, wherein a metal composed mainly of aluminum
is subjected to anodic oxidation in a chemical solution of 4
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METAL OXIDE FILM, LAMINATE, METAL
MEMBER AND PROCESS FOR PRODUCING
THE SAME

The present application is a Divisional application of Ser.
No. 11/917,614, now allowed, which is a national stage
application of PCT/JP06/309327 which claims benefit of
priority to Japanese patent applications 2005-178562 having
a filing date of Jun. 17, 2005 and 2006-064923 having a
filing date of Mar. 9, 2006.

TECHNICAL FIELD

This invention relates to a metal oxide film, a laminate, a
metal member, and their manufacturing methods and, in
particular, relates to a metal oxide film, a laminate, and a
metal member suitable for use in a manufacturing apparatus
used in the manufacturing process of an electronic device
such as a semiconductor or a flat panel display, and to
methods of manufacturing them.

BACKGROUND ART

In recent years, instead of stainless materials, lightweight
and strong metals each containing aluminum as the main
component have been widely used as structural materials of
manufacturing apparatuses for use in the fields of manufac-
turing electronic devices such as semiconductors and flat
panel displays, and so on, i.e. vacuum thin-film forming
apparatuses for use in chemical vapor deposition (CVD),
physical vapor deposition (PVD), vacuum deposition, sput-
tering, microwave-excited plasma CVD, and so on, dry
etching apparatuses for use in plasma etching, reactive ion
etching (RIE), recently-developed microwave-excited
plasma etching, and so on (hereinafter collectively referred
to as vacuum apparatuses), cleaning apparatuses, burning
apparatuses, heating apparatuses, and so on, having surfaces
brought into contact with particularly corrosive fluids, radi-
cals, or irradiated ions. In order to realize future efficient
multi-kind small-quantity production, these apparatuses are
each required to shift to a three-dimensional cluster tool
capable of carrying out a plurality of processes for itself,
each required to carry out a plurality of processes by
switching the kind of gas in a single process chamber, or the
like. Among practical metals, aluminum belongs to a par-
ticularly base group and, therefore, aluminum or a metal
containing aluminum as the main component requires pro-
tective film formation by a proper surface treatment.

As a surface protective film when a metal containing
aluminum as the main component is used as a structural
material, there is conventionally known an anodized film
(alumite) obtained by anodic oxidation in an electrolyte
solution. If use is made as the electrolyte solution of an acid
electrolyte solution (normally pH 2 or less), it is possible to
form a smooth and uniform alumite coating film having a
porous structure.

Further, alumite coating films are corrosion-resistant and
acid electrolyte solutions are stable and easy to manage, and
therefore, the alumite coating films are generally and widely
used. However, an alumite coating film having a porous
structure is weak against heat as a treated surface of a
structural member and thus causes cracks due to a difference
in thermal expansion coeflicient between the aluminum base
member and the alumite coating film (Patent Document
1—Japanese Unexamined Patent Application Publication
(JP-A) No. H10-130884), thereby causing occurrence of
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particles and occurrence of corrosion and so on due to
exposure of the aluminum base member.

Further, large amounts of water and so on are accumu-
lated/adsorbed in holes of the porous structure (Patent
Document 2—Japanese Examined Patent Application Pub-
lication (JP-B) No. H5-053870) and these are released in
large quantities as outgas components to cause many prob-
lems such as a large reduction in the performance of a
vacuum apparatus, operation failure of devices, occurrence
of corrosion of the alumite coating film and the aluminum
base member due to coexistence with various gases includ-
ing a halogen gas and chemicals, and so on. Among halogen
gases, particularly a chlorine gas is used as an etching gas in
the processing, such as reactive ion etching (RIE), of a metal
material and is also used in a cleaning process of a thin film
forming apparatus or a dry etching apparatus and, therefore,
it is important to achieve a metal surface treatment of an
apparatus member that can ensure strong corrosion resis-
tance against the chlorine gas.

In view of this, there are various proposals for alumite
coating films each with a low increase rate of cracks caused
by a high-temperature heat load and their forming methods.
For example, there is proposed a method of forming an
alumite coating film with a controlled aluminum alloy
composition (Patent Document 3—Japanese Unexamined
Patent Application Publication (JP-A) No. H11-181595).
However, this alumite coating film also has a porous struc-
ture on the surface like the conventional one and various
problems due to water remaining in holes of the porous
structure remain outstanding.

Various methods are proposed for improving the problems
caused by this porous structure. For example, there are
proposed a sealing treatment in which an alumite coating
film with a porous structure anodized in an acid electrolyte
is immersed in boiling water or treated in pressurized steam,
thereby forming aluminum hydroxide (boehmite layer) on
the surface to fill holes (Patent Document 4—Japanese
Unexamined Patent Application Publication (JP-A) No.
H5-114582), a sealing treatment in a solution containing a
hydrate or hydrated oxide of a metal as the main component
(Patent Document 5—Japanese Unexamined Patent Appli-
cation Publication (JP-A) No. 2004-060044), and so on.
However, water still remains in holes of the porous structure
even after the sealing treatment and the boehmite layer of
aluminum hydroxide itself is also a hydrate and thus serves
as a water supply source depending on the conditions such
as a pressure and a temperature and, therefore, a radical
solution has not yet been reached. There is also proposed a
method of performing barrier-structure anodic oxidation
after forming a porous-structure alumite coating film (Patent
Document 6—Japanese Unexamined Patent Application
Publication (JP-A) No. 2005-105300). However, since it is
necessary to perform the anodic oxidation in the two pro-
cesses, there is a problem that the manufacturing cost
increases.

Besides, as a surface treatment when a metal containing
aluminum as the main component is used as a structural
member, use is made of a thermal spraying method that
melts and sprays a powder material of a metal, an alloy, a
ceramic, or a combination of the ceramic and the metal or
the alloy (Patent Document 7—Japanese Unexamined Pat-
ent Application Publication (JP-A) No. H9-069514). How-
ever, in the surface treatment by the thermal spraying
method, there remains a problem in that since it is difficult
to suppress formation of pores where the film surface and the
base member communicate with each other through holes,
when a corrosive gas such as a halogen gas is used in an
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apparatus, portions of the metal, containing aluminum as the
main component, of the base member, that are brought into
contact with the corrosive gas through the pores, are sub-
jected to corrosion.

DISCLOSURE OF THE INVENTION
Problem to be Solved by the Invention

That is, the alumite coating film formed by the acid
electrolyte solution has the problem of remaining/adsorbed
water, it is difficult to completely suppress the formation of
voids or the formation of gas pools by the method of
performing the barrier-structure anodic oxidation after form-
ing the porous-structure alumite coating film, and it is
difficult to suppress the formation of pores by the surface
treatment using the thermal spraying method. The alumite
coating film has an Al,0;.6H,O structure containing water
and, further, since the alumite coating film becomes porous
due to etching of the film by OH ions produced by elec-
trolysis of the anodization solution, a large amount of water
is contained there and, if it is used, for example, in an RIE
apparatus, a large amount of water is released into a chamber
during etching so as to form a water plasma. Since this water
plasma produces OH radicals to decompose a photoresist,
the selectivity between the resist and a material to be etched
largely decreases and therefore the resist should be formed
thick in the conventional RIE. This causes a problem of
reduction in resolution. Further, the large amount of water
released into the chamber aggregates ions in the chamber by
gas-phase reactions to generate a large amount of dust in the
chamber, thereby causing a reduction in yield of devices.
Since the RIE is normally performed at 20 to 40 mTorr, the
distances between gas molecules are sufficiently large and
thus the gas-phase reactions do not occur, so that the dust
cannot be generated. However, actually, there arises a prob-
lem that a large amount of dust is generated and the dust
adheres to a gate valve, so that the dust adheres to wafers
when taking them in and out, thus resulted in production of
defective products. This is because the dust is generated due
to the interposition of water.

Even if attempting to carry out a heat treatment to release
the water of the conventional alumite, since the alumite is
subjected to formation of cracks at 140° C., it is not possible
to reduce the water by the heat treatment.

It is therefore an object of this invention to provide a
metal oxide film with no film defects such as fine holes or
pores, thus with a small water release amount, and capable
of protecting a metal containing aluminum as the main
component, and a manufacturing method thereof.

It is another object of this invention to provide a metal
member having a metal oxide film with no film defects such
as fine holes or pores capable of protecting a metal contain-
ing aluminum as the main component, and a manufacturing
method thereof.

It is another object of this invention to provide a metal
member having a metal oxide film with no film defects such
as fine holes or pores, thus with a small water release
amount, and further, subjected to no crack formation even in
a heat treatment at 150° C. or more and capable of protecting
a metal containing aluminum as the main component, and a
manufacturing method thereof.

Means for Solving the Problem

The present inventors have assiduously studied for
accomplishing the foregoing objects and found that a metal
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oxide film that is a thin film and exhibits a water release
amount from the film being a predetermined amount or less
can suppress occurrence of cracks in the oxide film due to
heating, release of outgas, and so on and has excellent
corrosion resistance against a halogen gas, particularly a
chlorine gas, and that a metal oxide film having excellent
properties is obtained using a specific anodization solution.

That is, according to this invention, there is obtained a
metal oxide film characterized by being a film formed of an
oxide of a metal containing aluminum as the main compo-
nent, having a thickness of 10 nm or more, and exhibiting a
water release amount from the film of 1E18 molecules/cm?
or less (1x10*® molecules/cm? or less). In the following
description, the number of molecules is given by the E-No-
tation.

Further, it has been found that, in a metal in which
aluminum is the main component and the content of specific
elements is suppressed, a metal oxide film formed by using
a specific anodization solution has excellent corrosion resis-
tance against a chemical solution such as nitric acid or
hydrofiuoric acid and a halogen gas, particularly a chlorine
gas, because no voids or gas pools are formed and occur-
rence of cracks in the oxide film due to heating and so on are
suppressed.

In this invention, the thickness of the metal oxide film can
be measured by a transmission electron microscope or a
scanning electron microscope. For example, JSM-6700 pro-
duced by JEOL Ltd. or the like can be used.

In this invention, the water release amount from the metal
oxide film represents the number of released water mol-
ecules per unit area [molecules/cm?] released from the film
while the metal oxide film is kept at 23° C. for 10 hours, then
raised in temperature and kept at 200° C. for 2 hours
(measurement is effective also during the temperature rise).
The water release amount can be measured, for example,
using an atmospheric pressure ionization mass spectrometry
apparatus (UG-302P produced by Renesas Eastern Japan).

Preferably, the metal oxide film is obtained by anodizing
the metal containing aluminum as the main component or
the metal containing high-purity aluminum as the main
component in an anodization solution of pH 4 to 10. The
anodization solution preferably contains at least one kind
selected from the group consisting of boric acid, phosphoric
acid, organic carboxylic acid, and salts thereof. Further, the
anodization solution preferably contains a nonaqueous sol-
vent. Preferably, a heat treatment is carried out at 100° C. or
more after the anodic oxidation. For example, it is possible
to anneal the metal oxide film in a heating furnace at 100°
C. or more. This metal oxide film is preferably used as a
coating film for protecting a structural member of a semi-
conductor or flat panel display manufacturing apparatus.

Further, according to this invention, there is obtained a
laminate characterized by comprising this metal oxide film
on a base body formed of the metal containing aluminum as
the main component or the metal containing high-purity
aluminum as the main component. This laminate is prefer-
ably used as a structural member of a semiconductor or flat
panel display manufacturing apparatus.

According to necessity, another layer may be provided on
the upper or lower side of the metal oxide film of this
invention. For example, a thin film using one kind or two or
more kinds selected from a metal, a cermet, and a ceramic
as a material thereof may be further formed on the metal
oxide film, thereby obtaining a multilayer structure.

Further, according to this invention, there is obtained a
semiconductor or flat panel display manufacturing apparatus
using such a laminate.
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Further, according to this invention, there is obtained a
metal oxide film manufacturing method characterized by
anodizing a metal containing aluminum as the main com-
ponent or a metal containing high-purity aluminum as the
main component in an anodization solution of pH 4 to 10,
thereby obtaining a film formed of an oxide of the metal
containing aluminum as the main component or the metal
containing high-purity aluminum as the main component.

The anodization solution preferably contains at least one
kind selected from the group consisting of boric acid,
phosphoric acid, organic carboxylic acid, and salts thereof.
Further, the anodization solution preferably contains a non-
aqueous solvent.

The metal oxide film is preferably heat-treated at 150° C.
or more after the anodic oxidation. Preferably, the obtained
metal oxide film has a thickness of 10 nm or more and the
water release amount from the film is 1E18 molecules/cm?
or less. This water release is resulted from water adsorbed on
the surface of the metal oxide film and the water release
amount is proportional to the effective surface area of the
metal oxide film, and therefore, it is effective to minimize
the effective surface area for reducing the water release
amount. Accordingly, the metal oxide film is desirably a
barrier-type metal oxide film with no pores or the like on the
surface. The metal oxide film is used as a coating film for
protecting a structural member of a semiconductor or flat
panel display manufacturing apparatus.

Further, according to this invention, there is obtained a
laminate manufacturing method characterized by anodizing
a base body made of a metal containing aluminum as the
main component in an anodization solution of pH 4 to 10,
thereby forming a film made of an oxide of the metal
containing aluminum as the main component on the base
body.

The metal containing aluminum as the main component
represents a metal containing 50 mass % or more aluminum.
It may also be pure aluminum. This metal contains alumi-
num in an amount of preferably 80 mass % or more, more
preferably 90 mass % or more, and further preferably 94
mass % or more. The metal containing aluminum as the
main component preferably contains at least one kind of
metal selected from the group consisting of magnesium,
titanium, and zirconium.

The metal containing high-purity aluminum as the main
component represents a metal containing aluminum as the
main component, wherein the total content of specific ele-
ments (iron, copper, manganese, zinc, and chromium) is 1%
or less. The metal containing high-purity aluminum as the
main component preferably contains at least one kind of
metal selected from the group consisting of magnesium,
titanium, and zirconium.

Effect of the Invention

A faultless barrier-type oxide film, with no fine holes or
pores, of a metal containing aluminum as the main compo-
nent or a metal containing high-purity aluminum as the main
component and a laminate having this film according to this
invention exhibit excellent corrosion resistance against
chemicals, corrosive fluids, and halogen gases, particularly
a chlorine gas, and also have perfect resistance against all
radicals such as hydrogen radicals, oxygen radicals, chlorine
radicals, bromine radicals, and fluorine radicals and against
ion irradiation in a plasma. Further, since cracks hardly
occur in the metal oxide film even when heated to 150° C.
to 500° C., it is possible to suppress generation of particles
and corrosion due to exposure of the aluminum base body,
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thermal stability is high, and release of outgas from the film
is small in amount. If it is used as a protective film of a
structural member such as an inner wall of a vacuum
apparatus such as a vacuum thin-film forming apparatus, the
ultimate vacuum of the apparatus is improved and the
quality of thin films manufactured is improved, thus leading
to reduction in operation failure of devices having the thin
films. Since there are provided surfaces that do not react
with radicals, the process is stabilized. If the conventional
alumite-protected aluminum is used in a plasma processing
apparatus, there is a problem that since the thickness of the
alumite film is large and thus the capacitance of the wall
surface is large, large quantities of charge adhere thereto so
that a plasma disappears due to recombination of ions and
electrons, and therefore, the power consumption is large for
plasma excitation. However, in the case of the aluminum
oxide film of this invention, since the thickness of the film
can be small, the capacitance is small and thus a plasma loss
due to charge recombination is also small, and therefore, the
power for plasma excitation can be reduced to 5 to V1o as
compared with the conventional one. Further, since the
release of water is as small as that of metal aluminum, there
is no generation of water plasma even in an RIE apparatus
and thus a photoresist is not damaged so that a large
selectivity can be ensured. Consequently, the resist can be
reduced in thickness to thereby achieve a large increase in
resolution. Further, generation of dust is suppressed so that
the yield is improved. In this invention, it is not essential to
achieve all the effects, but is sufficient if one or more of the
foregoing effects are exhibited.

Particularly, the oxide of the metal containing high-purity
aluminum as the main component can properly suppress the
formation of voids or the formation of gas pools in the
barrier structure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a graph showing the voltage characteristics
during anodic oxidation in Examples 4 and 5.

FIG. 2 is a graph showing the water release characteristics
of samples of Example 3 and Comparative Example 1 and
a non-treated aluminum sample piece.

FIG. 3 is electron microscope photographs of the surfaces
of samples after annealing in Examples 3 and 6 and Com-
parative Examples 1 and 3.

FIG. 4 is electron microscope photographs of the surfaces
of samples after chlorine-gas exposure evaluation in
Examples 8 and 10 and Comparative Examples 4 and 5.

FIG. 5 is electron microscope photographs of the surfaces
of samples after chlorine-gas exposure evaluation in
Examples 8 to 10 and Comparative Example 6.

FIG. 6 is a graph showing the current characteristics
during anodic oxidation in Examples 14 to 16 and Reference
Example 1.

FIG. 7 is a graph showing the voltage characteristics
during anodic oxidation in Example 21 and Reference
Example 6.

FIG. 8 is electron microscope photographs of the surfaces
of samples of a high-purity aluminum material and an
AS5052 material after immersion in a chemical solution in
Example 30.

FIG. 9 is photographs of the surfaces of samples of a
high-purity aluminum material and an A5052 material after
chlorine-gas exposure evaluation in Example 33.

FIG. 10 shows the characteristics when anodizing pure Al
and various Al alloys shown in Table 11 using a nonaqueous
electrolyte solution containing 1 wt % ammonium adipate,
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wherein FIG. 10 (a) is a graph showing the voltage char-
acteristics and FIG. 10 (b) is a graph showing the current
characteristics.

FIG. 11 is a graph showing the residual current densities
of various aluminum alloys formed using a nonaqueous
electrolyte solution containing 1 wt % ammonium adipate.

FIG. 12 shows the results of anodizing, with a nonaque-
ous electrolyte solution containing 1 wt % ammonium
adipate, high-purity Al containing Mg and Zr in small
quantities and having compositions shown in Table 12,
wherein FIG. 12 (a) is a graph showing the voltage char-
acteristics and FIG. 12 (b) is a graph showing the current
characteristics.

FIG. 13 relates to reanodization for evaluating oxide films
after annealing and shows reanodization curves of aluminum
alloys after annealing at 573(K), wherein FIG. 13 (a) and
FIG. 13 (b) are graphs respectively showing the voltage
characteristics and the current characteristics.

FIG. 14 is a graph showing residual current values before
and after the annealing/reoxidation.

FIG. 15 is a graph showing the relationship between
voltage and oxide film thickness in anodic oxidation.

FIG. 16 is a graph showing the relationship between
anodization voltage and oxide film resistivity.

FIG. 17 are electron microscope photographs showing the
states (a), (b), (c) where AlIMg2 samples annealed at 300° C.
for 1 hour after anodic oxidation are exposed to an ammonia
gas, a chlorine gas, and an HBr gas at 200° C., respectively,
along with the state (d) where an alumite is exposed to a
chlorine gas at 100° C.

FIG. 18 is a graph showing the results of exposing AlMg2
samples annealed at 300° C. for 1 hour after anodic oxida-
tion to irradiated ions.

FIG. 19 is a diagram showing the growth of Al crystal
grains with respect to the case where Zr is added in an
amount of 0.1 mass % to high-purity Al (the total content of
impurities is 100 ppm or less) containing 1.5 mass % Mg and
to high-purity Al containing 2 mass % Mg, and with respect
to the case where Zr is not added.

BEST MODE FOR CARRYING OUT THE
INVENTION

Hereinbelow, this invention will be described in further
detail.

A metal oxide film according to this invention is a film
formed of an oxide of a metal containing aluminum as the
main component or high-purity aluminum as the main
component, having a thickness of 10 nm or more, and
exhibiting a water release amount from the film of 1E18
molecules/cm? or less. This film exhibits high performance
as a protective film when it is formed on a base body made
of a metal containing aluminum as the main component.

The thickness of the metal oxide film is preferably set to
as small as 100 pm or less. If the thickness is great, cracks
tend to occur and outgas tends to be released. The thickness
is more preferably set to 10 uM or less, further preferably to
1 um or less, still further preferably to 0.8 um or less, and
particularly preferably to 0.6 um or less. However, the
thickness is set to 10 nm or more. If the thickness is too thin,
sufficient corrosion resistance cannot be obtained. The thick-
ness is preferably set to 20 nm or more and more preferably
to 30 nm or more.

The water release amount from the metal oxide film is set
to 1E18 molecules/cm? or less. If the water release amount
is large, the water causes corrosion and, when used as a
protective film of a structural member such as an inner wall
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of' a vacuum apparatus or the like, the quality of a thin film
to be manufactured is degraded. The water release amount is
preferably set to 2E17 molecules/cm® or less and more
preferably to 1E17 molecules/cm? or less. The water release
amount is preferably as small as possible, but is normally
1.5E15 molecules/cm? or more.

A barrier-type metal oxide film with no fine holes or pores
is suitable as such a metal oxide film. As compared with a
conventionally used porous metal oxide film having a
porous structure, the barrier-type metal oxide film has an
advantage in that it is excellent in corrosion resistance while
being thin and, since it has practically no fine holes or pores,
water or the like is not easily adsorbed.

A metal oxide film of this invention is formed of an oxide
of'a metal containing aluminum as the main component. The
metal containing aluminum as the main component repre-
sents a metal containing 50 mass % or more aluminum. It
may also be pure aluminum. This metal contains aluminum
in an amount of preferably 80 mass % or more, more
preferably 90 mass % or more, and further preferably 94
mass % or more. The metal containing aluminum as the
main component may be pure aluminum and, according to
necessity, may contain another optional metal that can form
an alloy with aluminum and may contain two kinds or more.
The kind of metal is not particularly limited, but at least one
kind of metal selected from the group consisting of magne-
sium, titanium, and zirconium is cited as a preferable metal.
Among them, magnesium has an advantage in being capable
of improving the strength of an aluminum base body and
thus is particularly preferable.

Further, a metal oxide film of this invention is formed of
an oxide of a metal containing, as the main component,
high-purity aluminum with suppressed contents of specific
elements (iron, copper, manganese, zinc, and chromium).
The total content of the contents of these specific elements
is preferably 1.0 mass % or less, more preferably 0.5 mass
% or less, and further preferably 0.3 mass % or less. The
metal containing high-purity aluminum as the main compo-
nent may be pure aluminum and, according to necessity, may
contain another optional metal that can form an alloy with
aluminum and may contain two kinds or more. The kind of
metal is not particularly limited with the exception of the
foregoing specific elements, but at least one kind of metal
selected from the group consisting of magnesium, titanium,
and zirconium is cited as a preferable metal. Among them,
magnesium has an advantage in being capable of improving
the strength of an aluminum base body and thus is particu-
larly preferable. The concentration of magnesium is not
particularly limited as long as it is within a range capable of
forming an alloy with aluminum, but, in order to achieve
sufficient improvement in strength, it is normally set to 0.5
mass % or more, preferably to 1.0 mass % or more, and more
preferably to 1.5 mass % or more. Further, in order to form
a uniform solid solution with aluminum, it is preferably 6.5
mass % or less, more preferably 5.0 mass % or less, further
preferably 4.5 mass % or less, and most preferably 3 mass
% or less.

The metal containing aluminum as the main component or
the metal containing high-purity aluminum as the main
component according to this invention may contain, in
addition thereto, another metal component as a crystal
control agent. There is no particular limitation as long as it
has a sufficient effect on crystal control, but zirconium or the
like is preferably used.

In the case of containing these other metals, the content
thereof is normally set to 0.01 mass % or more, preferably
to 0.05 mass % or more, and more preferably to 0.1 mass %
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or more with respect to the entire metal containing alumi-
num as the main component or the entire metal containing
high-purity aluminum as the main component. This is for
allowing the characteristics by the other added metal to be
sufficiently exhibited. However, it is normally set to 20 mass
% or less, preferably to 10 mass % or less, more preferably
to 6 mass % or less, particularly preferably to 4.5 mass % or
less, and most preferably to 3 mass % or less. In order to
allow aluminum and the other metal component to form a
uniform solid solution to thereby maintain the excellent
material properties, it is preferably less than the above.

According to another mode of this invention, there is
obtained a metal member containing aluminum as the main
component and having a passive aluminum oxide film on a
surface brought into contact with at least one of a corrosive
fluid, radicals, and irradiated ions, characterized in that the
passive aluminum oxide film is a nonporous amorphous film
having a thickness of 0.1 um or more and 1 pm or less and
a resistivity of 1E10 Q-cm or more. The normal alumite
cannot have a resistivity of 1E10 Q-cm or more, while, the
passive aluminum oxide film of this invention can achieve a
thickness of 0.1 um or more and 1 pm or less and a resistivity
of 1E10 Q-cm or more, preferably 1E11 to 1E14 Q-cm, and
more preferably 1E12 Q-cm. Further, the passive aluminum
oxide film is characterized in that its water release amount
is 1E18 molecules/cm? or less.

The foregoing metal containing aluminum as the main
component is characterized by containing 50 mass % or
more aluminum and 1 to 4.5 mass % magnesium. If mag-
nesium is contained, there is the effect of improving the
mechanical strength and thus the metal becomes strong
against heat and can withstand a heat treatment at 150° C. to
500° C. after anodic oxidation. However, if it is possible to
omit the heat treatment by spending much time for the
anodic oxidation to reduce the current value, it is not
necessary to add magnesium. It is preferable that the fore-
going metal containing aluminum as the main component
contain zirconium in an amount of 0.15 mass % or less and
preferably 0.1 mass % or less. This makes it possible to
further increase the mechanical strength and heat resistance.

In the metal member of this invention, the total content of
elements excluding aluminum, magnesium, and zirconium
is preferably 1 mass % or less. Further, the content of each
of the elements excluding aluminum, magnesium, and zir-
conium is preferably 0.01 mass % or less. If the contents of
these impurity elements exceed the foregoing value, oxygen
is produced in the oxide film so that voids are formed to
cause occurrence of cracks in annealing. Further, there is
caused an increase in residual current of the film.

It is preferable that the metal member of this invention be
used particularly at a portion brought into contact with at
least one of a corrosive fluid, radicals, and irradiated ions in
each of various apparatuses used in manufacturing processes
of electronic devices.

Next, a description will be given of a manufacturing
method of the oxide film of the metal containing aluminum
as the main component or the metal containing high-purity
aluminum as the main component according to this inven-
tion.

According to a method of anodizing the metal containing
aluminum as the main component or the metal containing
high-purity aluminum as the main component in an anod-
ization solution of pH 4 to 10, there is an advantage in that
it is possible to obtain a dense pore-free barrier-type metal
oxide film. Generally, by anodizing a base body made of the
metal containing aluminum as the main component in the
anodization solution of pH 4 to 10, a film made of an oxide

20

25

35

40

45

55

10

of the metal containing aluminum as the main component is
formed on the surface of the base body.

This method has a function of repairing a defect caused by
nonuniformity of a substrate and thus has an advantage in
enabling formation of a dense and smooth oxide film. The
pH of the anodization solution used in this invention is
normally 4 or more, preferably 5 or more, and more pref-
erably 6 or more, while, is normally 10 or less, preferably 9
or less, and more preferably 8 or less. The pH is desirably
close to neutral so that the metal oxide film formed by the
anodic oxidation is not easily dissolved in the anodization
solution.

The anodization solution used in this invention preferably
exhibits a buffering action in the range of pH 4 to 10 in order
also to maintain the pH within a predetermined range by
buffering concentration changes of various substances dur-
ing the anodization. In view of this, it is desirable to contain
a compound such as an acid or a salt that exhibits the
buffering action. The kind of such a compound is not
particularly limited, but in terms of high solubility in the
anodization solution and also high solution stability, it is
preferably at least one kind selected from the group con-
sisting of boric acid, phosphoric acid, organic carboxylic
acid, and salts thereof. It is more preferably the organic
carboxylic acid or its salt with almost no residual boron or
phosphorus element in the metal oxide film.

This is because although a solute component even in a
very small amount enters a metal oxide film formed by
anodic oxidation, if use is made of the organic carboxylic
acid or its salt as the solute, there is no possibility at all of
dissolution of the boron or phosphorus element from the
metal oxide film when it is applied to a vacuum thin-film
forming apparatus or the like and, therefore, it is possible to
expect the stability and improvement in quality of a formed
thin film and in performance of a device or the like using it.

Any organic carboxylic acid may be used as long as it has
one or two or more carboxyl groups. Further, as long as the
expected effect of this invention is not marred, it may further
have a functional group other than the carboxyl group. For
example, formic acid or the like can be preferably used. In
terms of high solubility in the anodization solution and also
high solution stability, aliphatic carboxylic acid series are
preferable and, among them, an aliphatic dicarboxylic acid
with a carbon number of 3 to 10 is preferable. As the
aliphatic dicarboxylic acid, there is no particular limitation,
but there can be cited, for example, malonic acid, maleic
acid, fumaric acid, succinic acid, tartaric acid, itaconic acid,
glutaric acid, dimethylmalonic acid, citraconic acid, citric
acid, adipic acid, heptane acid, pimelic acid, suberic acid,
azelaic acid, sebacic acid, and so on. Among them, the
tartaric acid, the citric acid, and the adipic acid are particu-
larly preferable in terms of solution stability, safety, excel-
lent buffering action, and so on. These acids may be used
alone or in combination of two or more kinds.

The salt of boric acid, phosphoric acid, or organic car-
boxylic acid may be a salt of such an acid and a proper
cation. As the cation, there is no particular limitation, but use
can be made of, for example, an ammonium ion, a primary,
secondary, tertiary, or quaternary alkylammonium ion, an
alkali metal ion, a phosphonium ion, a sulfonium ion, or the
like. Among them, the ammonium ion and the primary,
secondary, tertiary, or quaternary alkylammonium ion are
preferable in terms of less influence caused by remaining of
metal ions due to diffusion thereof to a substrate metal
caused by remaining thereof on the surface of the substrate
metal. An alkyl group of the alkylammonium ion may be
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properly selected in consideration of solubility in the anod-
ization solution, but is normally an alkyl group with a carbon
number of 1 to 4.

These compounds may be used alone or in combination of
two or more kinds. Further, the anodization solution accord-
ing to this invention may contain another compound in
addition to the foregoing compound.

The compound concentration may be properly selected
depending on the purpose, but is normally set to 0.01 mass
% or more, preferably to 0.1 mass % or more, and more
preferably to 1 mass % or more with respect to the entire
anodization solution. It is desirable to increase the concen-
tration for increasing the electrical conductivity to suffi-
ciently carry out the formation of the metal oxide film.
However, the concentration is normally set to 30 mass % or
less, preferably to 15 mass % or less, and more preferably to
10 mass % or less. In order to maintain high performance of
the metal oxide film and to suppress the cost, it is desirably
no greater than the above.

The anodization solution used in this invention preferably
contains a nonaqueous solvent. If the anodization solution
containing the nonaqueous solvent is used, the time required
for constant-current anodization can be shortened as com-
pared with an aqueous solution-based anodization solution
and thus there is an advantage in enabling high-throughput
processing.

The kind of nonaqueous solvent is not particularly limited
as long as it enables excellent anodic oxidation and has a
sufficient solubility with respect to the solute, but it is
preferably a solvent having one or more alcoholic hydroxyl
groups and/or one or more phenolic hydroxyl groups, or a
non-protic organic solvent. Among them, the solvent having
the alcoholic hydroxyl group/groups is preferable in view of
the storage stability.

As the compound having the alcoholic hydroxyl group/
groups, use can be made of, for example, monohydric
alcohol such as methanol, ethanol, propanol, isopropanol,
1-butanol, 2-ethyl-1-hexanol, or cyclohexanol; dihydric
alcohol such as ethylene glycol, propylene glycol, butane-
1,4-diol, diethylene glycol, triethylene glycol, or tetraethyl-
ene glycol; polyhydric alcohol, i.e. tri- or higher-hydric
alcohol, such as glycerin or pentaerythritol; or the like.
Further, as long as the expected effect of this invention is not
marred, use can be made of a solvent further having a
functional group other than the alcoholic hydroxyl group in
a molecule. Among them, in view of miscibility with water
and vapor pressure, the compound having two or more
alcoholic hydroxyl groups is preferable, the dihydric alcohol
or the trihydric alcohol is more preferable, and the ethylene
glycol, the propylene glycol, or the diethylene glycol is
particularly preferable.

As the compound having the phenolic hydroxyl group/
groups, use can be made of, for example, alkylphenol series
such as non-substituted phenol, o-/m-/p-cresol series, or
xylenol series having one hydroxyl group, resorcinol series
having two hydroxyl groups, pyrogallol series having three
hydroxyl groups, or the like.

As long as the expected effect of this invention is not
marred, the compound having the alcoholic hydroxyl group/
groups and/or the phenolic hydroxyl group/groups may
further have another functional group in a molecule. For
example, use can be made of a solvent, such as methylcel-
losolve or cellosolve, having an alcoholic hydroxyl group
and an alkoxy group.

As the non-protic organic solvent, either a polar solvent or
a nonpolar solvent may be used.
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As the polar solvent, there is no particular limitation, but
there can be cited, for example, cyclic carboxylate series
such as y-butyrolactone, y-valerolactone, and 4-valerolac-
tone; chain carboxylate series such as methyl acetate, ethyl
acetate, and methyl propionate; cyclic carbonic acid ester
series such as ethylene carbonate, propylene carbonate,
butylene carbonate, and vinylene carbonate; chain carbonic
acid ester series such as dimethyl carbonate, ethyl methyl
carbonate, and diethyl carbonate; amide series such as
N-methylformamide, N-ethylformamide, N,N-dimethylfor-
mamide, N,N-diethylformamide, N-methylacetamide, N,N-
dimethylacetamide, and N-methylpyrrolidone; nitrile series
such as acetonitrile, glutaronitrile, adiponitrile, methoxyac-
etonitrile, and 3-methoxypropionitrile; and phosphate series
such as trimethyl phosphate and triethyl phosphate.

As the nonpolar solvent, there is no particular limitation,
but there can be cited, for example, hexane, toluene, silicon
oil, and so on.

These solvents may be used alone or in combination of
two or more kinds. The ethylene glycol, the propylene
glycol, or the diethylene glycol is particularly preferable as
the nonaqueous solvent of the anodization solution used in
forming the metal oxide film of this invention and these
solvents may be used alone or in combination thereof. If the
nonaqueous solvent is contained, water may be contained.

With respect to the entire anodization solution, the non-
aqueous solvent is contained in an amount of normally 10
mass % or more, preferably 30 mass % or more, further
preferably 50 mass % or more, and particularly preferably
55 mass % or more, while, is contained in an amount of
normally 95 mass % or less, preferably 90 mass % or less,
and particularly preferably 85 mass % or less.

If the anodization solution contains water in addition to
the nonaqueous solvent, the content thereof with respect to
the entire anodization solution is normally 1 mass % or
more, preferably 5 mass % or more, further preferably 10
mass % or more, and particularly preferably 15 mass % or
more, while, is normally 85 mass % or less, preferably 50
mass % or less, and particularly preferably 40 mass % or
less.

The ratio of the water to the nonaqueous solvent is
normally 1 mass % or more, preferably 5 mass % or more,
further preferably 7 mass % or more, and particularly
preferably 10 mass % or more, while, is normally 90 mass
% or less, preferably 60 mass % or less, further preferably
50 mass % or less, and particularly preferably 40 mass % or
less.

The anodization solution according to this invention may
contain another additive according to necessity. For
example, it may contain an additive for improving the
formability and properties of the metal oxide film. As the
additive, there is no particular limitation as long as the
expected effect of this invention is not significantly marred,
and use can be made of one or more kinds of substances
selected from additives used in known anodization solutions
and other substances. In this event, the adding amount of the
additive is not particularly limited and may be set to a proper
value in consideration of its effect and cost, and so on.

In this invention, there is no particular limitation to an
electrolytic method for anodic oxidation as long as the
expected effect of this invention is not significantly marred.
As a current waveform, use can be made of, for example,
other than a direct current, a pulse method in which the
applied voltage is periodically intermittent, a PR method in
which the polarity is reversed, an alternating current, AC-
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DC superimposition, incomplete rectification, a modulation
current such as a triangular wave, or the like, but preferably,
the direct current is used.

In this invention, there is no particular limitation to a
method of controlling current and voltage of the anodic
oxidation and it is possible to properly combine the condi-
tions for forming the oxide film on the surface of the metal
containing aluminum as the main component. Normally, it is
preferable to carry out anodic oxidation at a constant current
and at a constant voltage. That is, it is preferable that
anodization be carried out at a constant current until reach-
ing a predetermined anodization voltage VT and, after the
anodization voltage is reached, anodic oxidation be carried
out while maintaining the voltage for a fixed time.

In this event, in order to efficiently form an oxide film, the
current density is normally set to 0.001 mA/cm? or more,
and preferably to 0.01 mA/cm? or more. However, in order
to obtain an oxide film with excellent surface flatness, the
current density is normally set to 100 mA/cm? or less, and
preferably to 10 mA/cm?® or less.

Further, the anodization voltage VT is normally set to 3V
or more, preferably to 10V or more, and more preferably to
20V or more. Since the thickness of the oxide film to be
obtained is related to the anodization voltage V1, it is
preferable to apply the voltage no less than the above in
order to give a certain thickness to the oxide film. However,
it is normally set to 1000V or less, preferably to 700V or
less, and more preferably to 500V or less. Since the oxide
film to be obtained is highly insulative, it is preferable to
perform the anodic oxidation at the voltage no greater than
the above in order to form the good-quality oxide film
without causing dielectric breakdown at high voltage.

Use may be made of a method of using an alternating
current with a constant peak current value until reaching an
anodization voltage instead of a DC power supply, then
switching to a DC voltage when the anodization voltage is
reached, and holding it for a fixed time.

In this invention, the other conditions of the anodic
oxidation are not particularly limited. However, the tem-
perature during the anodic oxidation is set to fall within a
temperature range where the anodization solution exists in
the form of a stable liquid. It is normally -20° C. or more,
preferably 5° C. or more, and more preferably 10° C. or
more. In consideration of the production/energy efficiency
and so on in the manufacture, it is preferable to perform the
processing at the temperature no less than the above. How-
ever, it is normally 150° C. or less, preferably 100° C. or
less, and more preferably 80° C. or less. In order to hold the
composition of the anodization solution to carry out uniform
anodic oxidation, it is preferable to perform the processing
at the temperature no higher than the above.

According to the manufacturing method of this invention,
since the dense pore-free barrier-type metal oxide film can
be efficiently manufactured by the anodic oxidation method,
there is an advantage in that the withstand voltage is high
and it is possible to suppress occurrence of fractures, cracks
or the like in the annealing and thus to reduce the outgas
release amount from the film. Since the withstand voltage of
the film is high, it is suitable as a protective coating film for
the surface of a metal base member, such as a film for
protecting a structural member such as an inner wall of a
vacuum thin-film forming apparatus. Further, this metal
oxide film can also serve as an impurity shielding coating
film or an anticorrosive coating film, other than the protec-
tive coating film for the surface of the metal base member.

According to still another mode of this invention, there is
obtained a metal member manufacturing method character-
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ized by anodizing a metal member containing aluminum as
the main component in an anodization solution containing
an organic solvent having a dielectric constant smaller than
that of water and capable of dissolving water, thereby
forming a nonporous amorphous passive aluminum oxide
film. The dielectric constant of water is about 80. Since the
binding energy of matter is inversely proportional to the
square of the dielectric constant, water is dissociated even at
0° C. in an HF solution having a higher dielectric constant
of, for example, 83. Therefore, in order to prevent decom-
position of water to thereby prevent etching of a grown
aluminum oxide film, anodic oxidation should be performed
in an anodization solution containing an organic solvent
with a low vapor pressure having a dielectric constant
smaller than that of water and capable of dissolving water.
As a result, it is possible to form a nonporous amorphous
passive aluminum oxide film. As examples of such an
organic solvent, ethylene glycol has a dielectric constant of
39, diethylene glycol a dielectric constant of 33, triethylene
glycol of 24, and tetraethylene glycol of 20. Accordingly, if
any of these organic solvents is used, it is possible to
effectively reduce the dielectric constant and thus to apply a
high voltage without causing electrolysis of water. For
example, if the ethylene glycol is used, it is possible to apply
an anodization voltage up to a maximum of 200V without
causing electrolysis of water, thereby forming a passive
aluminum oxide film in the form of a nonporous amorphous
film having a thickness of 0.3 um. If the diethylene glycol is
used, it is possible to apply an anodization voltage up to a
maximum of 300V without causing electrolysis of water,
thereby forming a passive aluminum oxide film in the form
of a nonporous amorphous film having a thickness of 0.4
pm.

The anodization solution is added with an electrolyte that
makes the anodization solution electrically conductive, but
if the anodization solution becomes acid as a result of it, the
aluminum member is corroded. Therefore, use is made of an
electrolyte, for example, adipate, that causes the anodization
solution to have a pH of 4 to 10, preferably 5.5 to 8.5, and
more preferably 6 to 8 while increasing the electrical con-
ductivity thereof, and thus can prevent corrosion of alumi-
num. The content thereof is 0.1 to 10 mass % and preferably
about 1%. In a typical example, use is made of an anodiza-
tion solution containing 79% organic solvent, 20% water,
and 1% electrolyte.

The anodic oxidation preferably includes a first step of
placing the metal member and a counter electrode (e.g.
platinum) in the anodization solution, a second step of
applying a plus to the metal member and a minus to the
electrode to cause a constant current to flow for a predeter-
mined time, and a third step of applying a constant voltage
between the metal member and the electrode for a prede-
termined time. The predetermined time in the second step is
preferably a time required for a voltage between the metal
member and the electrode to reach a predetermined value
(e.g. 200V when ethylene glycol is used).

The predetermined time in the third step is preferably a
time required for a current between the metal member and
the electrode to reach a predetermined value. The current
value rapidly decreases when the voltage reaches the fore-
going predetermined value, and then gradually decreases
with time. As this residual current becomes smaller, the
quality of the oxide film is improved. For example, if the
constant-voltage processing is carried out for 24 hours, the
film quality becomes equivalent to that obtained through a
heat treatment. In order to increase the productivity, it is
necessary to finish the constant-voltage processing in a
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proper time and carry out a heat treatment (annealing). The
heat treatment is preferably carried out at about 150° C. to
300° C. for 0.5 to 1 hour.

In the second step, a current of 0.01 to 100 mA, preferably
0.1 to 10 mA, and more preferably 0.5 to 2 mA is caused to
flow per square centimeter.

As described above, in the third step, the voltage is set to
a value that does not cause electrolysis of the anodization
solution. The thickness of the nonporous amorphous passive
aluminum oxide film depends on the voltage in the third
step.

Although not adhering to any theories, it is considered
that the foregoing excellent effects of this invention depend
on the fact that the pore-free metal oxide film formed in the
anodization has the amorphous structure in its entirety and
thus there are almost no crystal grain boundaries or the like.
It is presumed that, by further adding the compound having
the buffering action and using the nonaqueous solvent as the
solvent, carbon components in very small quantities are
trapped into the metal oxide film to weaken the Al—O
binding strength, so that the amorphous structure of the
entire film is stabilized.

The metal oxide film thus manufactured may be heat-
treated for the purpose of removing water in the film, or the
like. The conventional metal oxide film having the porous
structure may be subjected to occurrence of fractures or
cracks even in annealing at about 150 to 200° C. and thus
cannot be heat-treated at high temperature so that sufficient
water removal cannot be carried out, thus resulting in the
outgas release amount being able to be reduced. Since the
metal oxide film according to this invention is the dense
pore-free barrier-type film, there is an advantage in that it is
possible to suppress occurrence of fractures, cracks, or the
like in annealing and thus to reduce the outgas release
amount from the film.

Particularly, a coating film of an oxide of a metal con-
taining, as the main component, high-purity aluminum
hardly containing the foregoing specific elements is higher
in thermal stability as compared with a metal oxide coating
film containing an aluminum alloy as the main component
and is hardly subjected to formation of voids, gas pools, or
the like. Therefore, voids or seams hardly occur in the metal
oxide film even in annealing at about 300° C. or more and
thus there is an advantage in that it is possible to suppress
generation of particles and corrosion by chemicals or halo-
gen gases, particularly a chlorine gas, due to exposure of the
aluminum base body and the release of outgas from the film
is smaller in amount.

A heat treatment method is not particularly limited, but
annealing in a heating furnace or the like is simple and
preferable.

The temperature of the heat treatment is not particularly
limited as long as the expected effect of this invention is not
marred, but it is normally 100° C. or more, preferably 200°
C. or more, and more preferably 250° C. or more. In order
to sufficiently remove water on the surface of and inside the
metal oxide film by the heat treatment, it is preferable to
perform the treatment at the temperature no less than the
above. However, it is normally 600° C. or less, preferably
550° C. or less, and more preferably 500° C. or less. It is
preferable to perform the treatment at the temperature no
higher than the above in order to hold the amorphous
structure of the metal oxide film and maintain the flatness of
the surface. In the case of annealing, the set temperature of
a heating furnace is normally regarded as a heat treatment
temperature.
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The time of the heat treatment is not particularly limited
as long as the expected effect of this invention is not marred,
and may be properly set in consideration of the intended
effect, the surface roughness due to the heat treatment, the
productivity, and so on. It is normally 1 minute or more,
preferably 5 minutes or more, and particularly preferably 15
minutes or more. In order to sufficiently remove water on the
surface of and inside the metal oxide film, it is preferable to
perform the treatment for the time no less than the above.
However, it is normally 180 minutes or less, preferably 120
minutes or less, and more preferably 60 minutes or less. It
is preferable to perform the treatment for the time no more
than the above in order to maintain the metal oxide film
structure and the surface flatness.

A gas atmosphere in the furnace during the annealing is
not particularly limited as long as the expected effect of this
invention is not marred. Normally, nitrogen, oxygen, a
mixed gas thereof, or the like can be used. Among them, an
atmosphere with an oxygen concentration of 18 vol % or
more is preferable, a condition of 20 vol % or more is more
preferable, and a condition of an oxygen concentration of
100 vol % is most preferable.

Next, a description will be given of a laminate including
a film formed of an oxide of a metal containing aluminum
as the main component or a metal containing high-purity
aluminum as the main component and of a use thereof.

A laminate formed with a metal oxide film of this inven-
tion as a protective film on a base body formed of a metal
containing aluminum as the main component or a metal
containing high-purity aluminum as the main component
exhibits excellent corrosion resistance against chemicals and
halogen gases particularly a chlorine gas. Further, since
cracks hardly occur in the metal oxide film even when it is
heated, it is possible to sufficiently remove water in the film
by annealing or the like and thus to suppress release of
outgas from the film. Normally, corrosion of aluminum by a
chlorine gas requires three factors, i.e. an oxidizer, chlorine
ions, and water, but since the chlorine gas itself is an
oxidizer and can be a supply source of chlorine ions, if water
is present, the corrosion is caused. However, since the water
release amount as outgas from the metal oxide film of this
invention is extremely small, it becomes possible to sup-
press the corrosion of aluminum. Further, it is possible to
suppress generation of particles due to cracks and corrosion
due to exposure of the aluminum base body at crack por-
tions.

According to necessity, another layer may be provided on
the upper or lower side of the metal oxide film of this
invention. Since the metal oxide film of this invention is as
thin as 1 um or less, it is preferable to provide a laminated
film structure with two or more layers in order to reinforce
the physical and mechanical strength.

For example, a thin film using one kind or two or more
kinds selected from a metal, a cermet, and a ceramic as a
material thereof may be further formed on the metal oxide
film, thereby obtaining a multilayer structure. As the metal,
there is cited one kind of metal alone or an alloy of two or
more kinds of elements. Although the kind is not particularly
limited, transition metal series are preferably used in con-
sideration of strength, corrosion resistance, and so on.

As a method of forming a metal, cermet, or ceramic film,
an optional method can be used as long as the expected
effect of this invention is not marred, but use is preferably
made of a spraying method that is high in film forming rate
and capable of forming a thick coating film and has a high
degree of freedom for the kind, shape, and size of a material
to be sprayed.
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As described above, the metal oxide film according to this
invention is strong against gases such as a chlorine gas and
chemicals, wherein cracks or the like due to heating hardly
occur and further the outgas is small in amount, and there-
fore, it is highly suitable as a coating film for protecting a
structural member of a semiconductor or flat panel display
manufacturing apparatus. Further, the laminate having this
metal oxide film on the base body made of the aluminum-
based metal is suitable as a structural member of a semi-
conductor or flat panel display manufacturing apparatus.
Herein the semiconductor or flat panel display manufactur-
ing apparatus represents a manufacturing apparatus for use
in the semiconductor or flat panel display manufacturing
field or the like, i.e. a vacuum thin-film forming apparatus
for use in chemical vapor deposition (CVD), physical vapor
deposition (PVD), vacuum deposition, sputtering, micro-
wave-excited plasma CVD, or the like, or a dry etching
apparatus for use in plasma etching, reactive ion etching
(RIE), recently-developed microwave-excited plasma etch-
ing, or the like.

EXAMPLES

This invention will be concretely described using
Examples and Comparative Examples, but this invention is
not limited thereto as long as not exceeding the gist of the
invention.

In Examples 1 to 10 of this application, use was made of
a JIS A5052 material as aluminum, special grade reagents
produced by Wako Pure Chemical Industries, Ltd. as tartaric
acid and ethylene glycol, special grade reagents produced by
Kanto Chemical Co., Inc. as adipic acid, boric acid, sodium
borate, phosphoric acid, sodium phosphate, and oxalic acid,
and EL-grade chemicals produced by Mitsubishi Chemical
Corporation as sulfuric acid and aqueous ammonia.

Anodic oxidation was performed using a source meter
(2400 series produced by KEITHLEY), wherein a pure
platinum plate was used as a cathode and the temperature of
an anodization solution was adjusted to 23° C. After the
anodic oxidation, annealing was performed at a predeter-
mined temperature for 1 hour while causing a gas with a
composition of nitrogen/oxygen=80/20 (vol ratio) to flow at
a flow rate of 5 L/min in a quartz tube infrared heating
furnace (hereinafter abbreviated as an “IR furnace”).

The thickness of an anodized film was measured by a
transmission electron microscope and a scanning electron
microscope (JSM-6700 produced by JEOL Ltd.). The pres-
ence of cracks was observed by visual observation and either
of a digital microscope (VHX-200 produced by Keyence
Corporation) and a scanning electron microscope.

The water release amount from the surface of an anodized
film was measured using an atmospheric pressure ionization
mass spectrometry apparatus (UG-302P produced by Rene-
sas Eastern Japan) (hereinafter abbreviated as “APIMS
Analysis Apparatus”). After placing a sample in a SUS316-
made reactor tube kept at 23° C., an argon gas was caused
to flow at a flow rate of 1.2 [/min. The argon gas having
passed through the reactor tube was introduced into the
APIMS where mass numbers associated with water (18
(H,OY), 19HOHY, 37((H,0),H", 55(H,0),H")
detected in the argon gas were measured for deriving a water
release amount per unit area (the number of released water
molecules [molecules/cm?]) released from the sample.

The argon gas was discharged from the line for first 3
minutes after the argon gas started to flow, and the mea-
surement was performed thereafter. When measuring a
sample of each Example, after the lapse of 10 hours at 23°
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C., the temperature of the reactor tube started to be raised
and, after reaching 200° C. (after 3 hours), was maintained
at 200° C. for 2 hours, and the measurement was performed
over this entire period. On the other hand, it was expected
that since the water release amount of a sample of each
Comparative Example was large, if measured in the same
manner as in each Example, the measurable range of the
water measuring apparatus would be exceeded. Accordingly,
when measuring the sample of each Comparative Example,
because of water release being large, 23° C. was maintained
even after the lapse of 10 hours and the measurement was
performed for the same time (15 hours in total) as that in
each Example.

The resistance of a metal oxide film against a chlorine gas
was measured in the following manner. That is, after placing
a sample in a SUS316-made reactor tube, the temperature of
the reactor tube was raised to 200° C. while causing a
nitrogen gas to flow at a flow rate of 1 L/min. After reaching
200° C., the temperature was maintained for 5 hours to carry
out prebake. After lowering the temperature of the reactor
tube to 100° C. in this state, the gas was switched to a
chlorine gas. After the inside of the reactor tube was
completely replaced by the chlorine gas, the chlorine gas of
0.3 MPa was enclosed in the reactor tube at 100° C. and kept
for 6 hours. After exposure to the chlorine gas, the inside of
the reactor tube was replaced by a nitrogen gas. The surface
properties of the sample after the exposure to the chlorine
gas were observed by visual observation and the scanning
electron microscope.

Anodization solutions used in Examples and Comparative
Examples were prepared with the compositions shown in
Table 1.

TABLE 1
Kind of Solute Water
Anodization Content Main Content
Solution Kind (wt %) Solvent (wt %) pH
a ammonium tartrate 1 ethylene 19 7.1
glycol
b ammonium adipate 1 ethylene 19 7.0
glycol
c ammonium adipate 1 water 99 7.0
d boric acid + 3 water 97 7.1
sodium borate
e phosphoric acid + 3 water 97 7.2
sodium phosphate
f sulfuric acid 10 water 20 <
b oxalic acid 4 water 9% <1
Example 1

1.8 g of tartaric acid was dissolved into 39.5 g of water,
then 158 g of ethylene glycol (EG) was added, and then
stirring/mixing was carried out. While stirring this solution,
29% aqueous ammonia was added until the pH of the
solution reached 7.1, thereby preparing an anodization solu-
tion a. In this anodization solution, an A5052 aluminum
sample piece of 20x8x1 mm was anodized at a constant
current of 1 mA/cm? until reaching an anodization voltage of
50V and, after 50V was reached, the sample piece was
anodized at the constant voltage for 30 minutes. After the
reaction, it was sufficiently washed with pure water and then
dried at room temperature. The obtained aluminum sample
piece with an oxide film was annealed at 300° C. for 1 hour
in the IR furnace and then opened to the atmosphere so as
to be left standing at room temperature for 48 hours. The
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thickness of the barrier-type metal oxide film was measured
to be 0.08 um. No cracks were observed. The water release
amount was measured to be 2E16 molecules/cm® or less.
The results are collectively shown in Table 2.

20

dried at room temperature. The obtained aluminum sample
piece with an oxide film was annealed at 300° C. for 1 hour
in the IR furnace and then opened to the atmosphere so as
to be left standing at room temperature for 48 hours. The

TABLE 2
Current Anodized Film
Kind of Density  Voltage Water
Anodization Jee Vf  Annealing Thickness Release Amount
Solution (mA/em?) (V) Condition (nm) Crack (molecules/cm?)
Example 1 a 1 50 300°C.1h 0.08 no <2E16
Example 2 a 1 100 300°C.1h 0.15 no <2E16
Example 3 a 1 200 300°C.1h 0.30 no <2E16
Example 4 b 1 200 300°C.1h 0.31 no <2E16
Example 5 c 1 200 300°C.1h 0.29 no <2E16
Example 6 d 1 200 300°C.1h 0.29 no <2E16
Example 7 e 1 200 300°C.1h 0.28 no <2E16
Comparative f 10 20 200°C.1h 35 yes >1E19
Example 1
Comparative f 10 20 200°C.1h 40 yes >1E19
Example 2
Comparative g 10 40 300°C.1h 13 yes >7E18
Example 3
Example 2 25 thickness of the barrier-type metal oxide film was measured

An oxide film was formed in the same manner as in
Example 1 except that the anodization voltage was set to
100V. The thickness of the barrier-type metal oxide film was
measured to be 0.15 um. No cracks were observed. The
water release amount was measured to be 2E16 molecules/
cm? or less.

Example 3

An oxide film was formed in the same manner as in
Example 1 except that the anodization voltage was set to
200V. The thickness of the barrier-type metal oxide film was
measured to be 0.30 um. No cracks were observed. The
water release amount was measured to be 2E16 molecules/
cm? or less.

Example 4

1.8 g of adipic acid was dissolved into 39.5 g of water,
then 158 g of ethylene glycol was added, and then stirring/
mixing was carried out. An oxide film was formed in the
same manner as in Example 3 except that, while stirring this
solution, 29% aqueous ammonia was added until the pH of
the solution reached 7.0, thereby preparing an anodization
solution b. The thickness of the barrier-type metal oxide film
was measured to be 0.31 pm. No cracks were observed. The
water release amount was measured to be 2E16 molecules/
cm? or less.

Example 5

1.8 g of adipic acid was added to 197.5 g of water and
stirring/mixing was carried out. While stirring this solution,
29% aqueous ammonia was added until the pH of the
solution reached 7.0, thereby preparing an anodization solu-
tion c. In this anodization solution, an A5052 aluminum
sample piece of 20x8x1 mm was anodized at a constant
current of 1 mA/cm? until reaching an anodization voltage of
200V and, after 200V was reached, the sample piece was
anodized at the constant voltage for 30 minutes. After the
reaction, it was sufficiently washed with pure water and then
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to be 0.29 um. No cracks were observed. The water release
amount was measured to be 2E16 molecules/cm? or less.

FIG. 1 shows voltage changes with the lapse of time
during the anodic oxidation in Examples 4 and 5. It is seen
that, in Example 4 using a nonaqueous solvent as a main
solvent of the anodization solution, the predetermined volt-
age was reached in a shorter time and thus the metal oxide
film can be formed at high throughput.

Example 6

4.5 g of'boric acid and 1.5 g of sodium borate were added
to 194 g of water and stirring/mixing was carried out. The
pH of this solution was measured to be 7.1. In this anod-
ization solution d, an AS5052 aluminum sample piece of
20x8x1 mm was anodized at a constant current of 1 mA/cm?®
until reaching an anodization voltage of 200V and, after
200V was reached, the sample piece was anodized at the
constant voltage for 30 minutes. After the reaction, it was
sufficiently washed with pure water and then dried at room
temperature. The obtained aluminum sample piece with an
oxide film was annealed at 300° C. for 1 hour in the IR
furnace and then opened to the atmosphere so as to be left
standing at room temperature for 48 hours. The thickness of
the barrier-type metal oxide film was measured to be 0.29
um. No cracks were observed. The water release amount was
measured to be 2B16 molecules/cm? or less.

Example 7

2.5 g of phosphoric acid and 3.5 g of sodium phosphate
were added to 194 g of water and stirring/mixing was carried
out. The pH of this solution was measured to be 7.2. In this
anodization solution e, an A5052 aluminum sample piece of
20x8x1 mm was anodized at a constant current of 1 mA/cm?®
until reaching an anodization voltage of 200V and, after
200V was reached, the sample piece was anodized at the
constant voltage for 30 minutes. After the reaction, it was
sufficiently washed with pure water and then dried at room
temperature. The obtained aluminum sample piece with an
anodized film was annealed at 300° C. for 1 hour in the IR
furnace and then opened to the atmosphere so as to be left
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standing at room temperature for 48 hours. The thickness of
the anodized film was measured to be 0.28 um. No cracks
were observed. The water release amount was measured to
be 2E16 molecules/cm? or less.

Comparative Example 1

20 g of 98% sulfuric acid was added to 180 g of water and
stirring/mixing was carried out, thereby preparing an anod-
ization solution f. In this anodization solution maintained at
20° C., an A5052 aluminum sample piece of 20x8x1 mm
was subjected to electrolytic oxidation at a current density of
10 mA/cm? and a voltage of 20V for 2 hours. After the
reaction, it was sufficiently washed with pure water and then
dried at room temperature.

The thickness of an obtained electrolytic oxide coating
film was measured to be about 35 pm and there were a
number of fine holes on the surface of the film, i.e. a porous
oxide film having a porous structure was formed. This
porous oxide film was subjected to sealing in pressurized
steam at 3 atm for 30 minutes. The aluminum sample piece
with this oxide film was annealed at 200° C. for 1 hour in the
IR furnace, then cracks occurred in the oxide film. After it
was opened to the atmosphere so as to be left standing at
room temperature for 48 hours, the water release amount
was measured to be 1E19 molecules/cm? or more. It can be
presumed that if the water release amount was measured
under the same conditions as those in each Example, a still
larger value was resulted.

FIG. 2 shows the measurement results of the water release
characteristics of the samples of Example 3 and Compara-
tive Example 1 and a non-treated aluminum sample piece. In
Example 3, there were shown the water release character-
istics substantially equivalent to those of the non-treated
aluminum alloy, while, far more released water was
observed in Comparative Example 1.

Comparative Example 2

The same processing was performed as in Comparative
Example 1 except that electrolytic oxidation was carried out
for 3 hours. The thickness of an electrolytic oxide coating
film was measured to be about 40 pum. The aluminum sample
piece with this oxide film was annealed at 200° C. for 1 hour
in the IR furnace, then cracks occurred in the oxide film. The
water release amount was measured to be 1E19 molecules/
cm? or more. It can be presumed that if the water release
amount was measured under the same conditions as those in
each Example, a still larger value was resulted.

Comparative Example 3

8 g of oxalic acid was added to 192 g of water and
stirring/mixing was carried out, thereby preparing an anod-
ization solution g. In this anodization solution maintained at
30° C., an A5052 aluminum sample piece of 20x8x1 mm
was subjected to electrolytic oxidation at a current density of
10 mA/cm?® and a voltage of 40V for 1 hour. After the
reaction, it was sufficiently washed with pure water and then
dried at room temperature.

The thickness of an obtained electrolytic oxide coating
film was measured to be about 13 pm and there were a
number of fine holes on the surface of the film, i.e. a porous
oxide film having a porous structure was formed. This
porous oxide film was subjected to sealing in pressurized
steam at 3 atm for 30 minutes. The aluminum sample piece
with this oxide film was annealed at 300° C. for 1 hour in the
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IR furnace, then cracks occurred in the porous oxide film.
After it was opened to the atmosphere so as to be left
standing at room temperature for 48 hours, the water release
amount was measured to be 7518 molecules/cm? or more. It
can be presumed that if the water release amount was
measured under the same conditions as those in each
Example, a still larger value was resulted.

FIG. 3 shows the surface states by electron microscopic
observation after the annealing in Examples 3 and 6 and
Comparative Examples 1 and 3. It is seen that no cracks
occurred even after the annealing in Examples 3 and 6,
while, fine cracks occurred in Comparative Examples 1 and
3.

Examples 8 to 10

Oxide film-coated aluminum sample pieces obtained by
the same processing as in Examples 3, 4, and 6 were
subjected to chlorine-gas exposure resistance evaluation
according to the foregoing method. The results are shown in
Table 3.

TABLE 3
Current
Kind of Density Chlorine
Anodization Jee Voltage Annealing Gas
Solution (mA/em?)  Vf (V) Condition Resistance
Example 8 a 1 200 300° C. o
1h
Example 9 b 1 200 300° C. o
1h
Example 10 d 1 200 300° C. o
1h
Comparative f 10 20 150° C. X
Example 4 1h
Comparative f 10 20 150° C. X
Example 5 1h
Comparative g 10 40 150° C. X
Example 6 1h

o No Corrosion
x Corroded

No corrosion was observed by visual observation with
respect to any of the oxide film-coated aluminum sample
pieces.

Comparative Examples 4 to 6

Chlorine-gas exposure resistance evaluation was per-
formed in the same manner as in Examples 8 to 10 with
respect to electrolytic oxide film-coated aluminum sample
pieces obtained by the same processing as in Comparative
Examples 1 to 3 except that the annealing conditions were
changed. The results are shown in Table 3. FIG. 4 shows the
aluminum surface states by visual observation after the
chlorine-gas exposure evaluation in Examples 8 and 10 and
Comparative Examples 4 and 5. No corrosion was observed
in Examples 8 and 10, while, white pitting corrosion
assumed to be aluminum chloride was observed in Com-
parative Example 4 and partial change of color of the sample
piece was observed in Comparative Example 5. Further,
FIG. 5 shows the aluminum surface states by electron
microscopic observation after the chlorine-gas exposure
evaluation in Examples 8 to 10 and Comparative Example 6.
In Examples 8 to 10, almost no change was observed even
after the exposure to the chlorine gas, while, in Comparative
Example 6, a number of fine-grain adherends were observed
on the surface and, further, a number of fine cracks occurred.
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Next, Examples using high-purity aluminum will be
described along with Comparative Examples.

In Examples 11 to 34, use was made, as aluminum, of a
JIS A5052 material, SN high-purity pure aluminum material
(HQO), and high-purity aluminum materials (HQ2 and
HQ4.5) produced by Nippon Light Metal Co., Ltd., in which
zirconium was added in an amount of 0.1 mass % to an
aluminum-magnesium alloy in which the content of specific
elements (iron, copper, manganese, zinc, and chromium)
was suppressed to 0.03 mass % or less. Use was made of
special grade reagents produced by Wako Pure Chemical
Industries, Ltd. as tartaric acid and ethylene glycol, special
grade reagents produced by Kanto Chemical Co., Inc. as
adipic acid, boric acid, and sodium borate, and an EL-grade
chemical produced by Mitsubishi Chemical Corporation as
aqueous ammonia.

Anodization solutions used in Examples and Comparative
Examples were prepared with the compositions shown in
Table 1. Further, Table 4 shows the contents of the specific
elements of the used aluminum and aluminum alloys.
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hours to carry out prebake. While maintaining the tempera-
ture of the reactor tube at 200° C. in this state, the gas was
switched to a chlorine gas. After the inside of the reactor
tube was completely replaced by the chlorine gas, the
chlorine gas of 0.3 MPa was enclosed in the reactor tube at
200° C. and kept for 6 hours. After exposure to the chlorine
gas, the inside of the reactor tube was replaced by a nitrogen
gas. By weighing the weight of the sample before and after
the exposure to the chlorine gas using a precision electron
balance, the resistance of the metal oxide coating film was
evaluated based on a reduction in weight.

The water release amount from the surface of a metal
oxide film was measured using an atmospheric pressure
ionization mass spectrometry apparatus (UG-302P produced
by Renesas Eastern Japan) (hereinafter abbreviated as
“APIMS Analysis Apparatus™). After placing a sample in a
SUS316-made reactor tube kept at 23° C., an argon gas was
caused to flow at a flow rate of 1.2 L/min. The argon gas
having passed through the reactor tube was introduced into
the APIMS where mass numbers associated with water

TABLE 4
Mg Zr Content of Specific Element (wt %)

Al Concentration  Concentration Total
Material (mass %) (mass %) iron copper manganese zinc  chromium Content
HQO 0 0.0 0.004 <0.001 <0.001 <0.001  <0.001 0.004
HQ2 2 0.1 0.005  <0.001 <0.001 <0.001  <0.001 0.005
HQ4.5 4.5 0.1 0.005  <0.001 <0.001 <0.001  <0.001 0.005
A5052 2.5 0.0 0.4 0.1 0.1 0.1 0.4 1.1

Anodic oxidation was performed using a source meter
(2400 series produced by KEITHLEY), wherein a pure
platinum plate was used as a cathode and the temperature of
an anodization solution was adjusted to 23° C. The reaction
was initially carried out at a constant current until reaching
a predetermined voltage and, after the voltage was reached,
the reaction was carried out at the constant voltage, wherein
the current density finally reached was given as a residual
current density. According to necessity, after the anodic
oxidation, annealing was performed at a predetermined
temperature for 1 hour while causing a gas with a compo-
sition of nitrogen/oxygen=80/20 (vol ratio) to flow at a flow
rate of 5 L/min in a quartz tube infrared heating furnace
(hereinafter abbreviated as an “IR furnace”).

A metal oxide film was subjected to surface observation
using a scanning electron microscope (JSM-6700 produced
by JEOL Ltd.).

Further, the etching amount of a metal oxide film with
respect to a chemical solution was calculated in the follow-
ing manner.

That is, after a chemical solution of a predetermined
concentration was prepared in a polyethylene beaker, a
sample was immersed therein at room temperature for 10
minutes. After the chemical-solution treatment, it was rinsed
with ultrapure water and then blow-dried with a nitrogen
gas. This sample was reanodized using an anodization
solution a of Table 1 at a current density of 0.1 mA/cm? and
the etching amount was converted from the amount of
coulomb required for a voltage to reach 200V.

Further, the resistance of a metal oxide film against a
chlorine gas was measured in the following manner. That is,
after placing a sample in a SUS316-made reactor tube, the
temperature of the reactor tube was raised to 200° C. while
causing a nitrogen gas to flow at a flow rate of 1 [/min. After
reaching 200° C., the temperature was maintained for 5
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(I8(H,0"), 19((H,OH"), 37((H,0),H"), 55((H,0);H"))
detected in the argon gas were measured for deriving a water
release amount per unit area (the number of released water
molecules [molecules/cm?]) released from the sample.

The argon gas was discharged from the line for first 3
minutes after the argon gas started to flow, and the mea-
surement was performed thereafter. When measuring a
sample of each Example, after the lapse of 10 hours at 23°
C., the temperature of the reactor tube started to be raised
and, after reaching 200° C. (after 3 hours), was maintained
at 200° C. for 2 hours, and the measurement was performed
over this entire period. On the other hand, it was expected
that since the water release amount of a sample of each
Comparative Example was large, if measured in the same
manner as in each Example, the measurable range of the
water measuring apparatus would be exceeded. Accordingly,
when measuring the sample of each Comparative Example,
because of water release being large, 23° C. was maintained
even after the lapse of 10 hours and the measurement was
performed for the same time (15 hours in total) as that in
each Example.

Example 11
Water Release Amount

1.8 g of adipic acid was dissolved into 39.5 g of water,
then 158 g of ethylene glycol (EG) was added, and then
stirring/mixing was carried out. While stirring this solution,
29% aqueous ammonia was added until the pH of the
solution reached 7.1, thereby preparing an anodization solu-
tion b. In this anodization solution, an HQ2 sample piece of
20x8x1 mm was anodized at a constant current of 1 mA/cm?®
until reaching an anodization voltage of 200V and, after
200V was reached, the sample piece was anodized at the
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constant voltage for 30 minutes. After the reaction, it was
sufficiently washed with pure water and then dried at room
temperature. The obtained sample piece with an oxide film
was annealed at 300° C. for 1 hour in the IR furnace and then
opened to the atmosphere so as to be left standing at room
temperature for 48 hours. The thickness of the barrier-type
metal oxide film was measured to be 0.31 um. No cracks
were observed. The water release amount was measured to
be 2E16 molecules/cm? or less. The results are shown in
Table 5.
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reached 7.0, thereby preparing an anodization solution b. In
this anodization solution, an HQO sample piece of 20x8x1
mm was anodized at a constant current of 1 mA/cm?® until
reaching an anodization voltage of 200V and, after 200V
was reached, the sample piece was anodized at the constant
voltage for 30 minutes. The residual current density upon the
completion of the constant-voltage reaction was 0.011
mA/cm?. The results of Examples 14 to 19 and Reference
Examples 1 to 4 are collectively shown in Table 6.

TABLE 5
Anodized Film
Water
Current Release
Kind of Density  Voltage Amount
Anodization Al Jec VI  Annealing Thickness (molecules/
Solution Material (mA/em?) (V)  Condition (um) Crack cm?)
Example b HQ2 1 200 300°C.1h 0.31 o <2E16
11
Example a HQ2 1 200 300°C.1h 0.32 o <2E16
12
Example d HQ2 1 200 300°C.1h 0.30 o <2E16
13
Example 12 TABLE 6
Kind of Residual
Water Release Amount Anodization Al Current
30 Solution Material (mA/cm?)
Example 14 b HQO 0.011
1.8 g of tartaric acid was dissolved into 39.5 g of water, Example 15 b HQ2 0.012
then 158 g of ethylene glycol (EG) was added, and then Example 16 b HQ4.5 0.017
stirring/mixing was carried out. An oxide film was formed in Example 17 N Q2 0.024
. s o 35 Example 18 a HQ2 0.014
the same manner as in Example 11 except that, while stirring Example 19 d HQ2 0.021
this solutiop, 29% aqueous ammonia was gdded until .the PH Reference b A3052 0.043
of'the solution reached 7.1, thereby preparing an anodization Example 1
solution a. The thickness of the barrier-type metal oxide film Reference ¢ A5052 0.125
was measured to be 0.32 pm. No cracks were observed. The Example 2
40 Reference a A5052 0.086
water release amount was measured to be 2E16 molecules/ Fxample 3
cm? or less. The results are shown in Table 5. Reference d A5052 0.053
Example 4
Example 13
45 Examples 15 and 16

Water Release Amount

4.5 g of boric acid and 1.5 g of sodium borate were added
to 194 g of water and stirring/mixing was carried out. The
pH of this solution was measured to be 7.1. An oxide film
was formed in the same manner as in Example 11 except
preparing this anodization solution d. The thickness of the
barrier-type metal oxide film was measured to be 0.32 pm.
No cracks were observed.

The water release amount was measured to be 2E16
molecules/cm® or less. The results are shown in Table 5.

Example 14

1.8 g of adipic acid was dissolved into 39.5 g of water,
then 158 g of ethylene glycol was added, and then stirring/
mixing was carried out. While stirring this solution, 29%
aqueous ammonia was added until the pH of the solution
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Oxide films were formed in the same manner as in
Example 14 except using HQ2 and HQ4.5 as sample pieces,
respectively. The residual current densities upon the comple-
tion of the constant-voltage reaction were 0.012 mA/cm?
and 0.017 mA/cm?®, respectively.

Example 17

1.8 g of adipic acid was added to 197.5 g of water and
stirring/mixing was carried out. While stirring this solution,
29% aqueous ammonia was added until the pH of the
solution reached 7.0, thereby preparing an anodization solu-
tion ¢. An oxide film was formed in the same manner as in
Example 14 except using HQ2 as a sample piece in this
anodization solution. The residual current density upon the
completion of the constant-voltage reaction was 0.024
mA/cm?®.

Example 18

1.8 g of tartaric acid was dissolved into 39.5 g of water,
then 158 g of ethylene glycol (EG) was added, and then
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stirring/mixing was carried out. While stirring this solution,
29% aqueous ammonia was added until the pH of the
solution reached 7.1, thereby preparing an anodization solu-
tion a. An oxide film was formed in the same manner as in
Example 14 except using HQ2 as a sample piece in this
anodization solution. The residual current density upon the
completion of the constant-voltage reaction was 0.014
mA/cm?.

Example 19

4.5 g of boric acid and 1.5 g of sodium borate were added
to 194 g of water and stirring/mixing was carried out. The
pH of this solution was measured to be 7.1. An oxide film
was formed in the same manner as in Example 14 except
using HQ2 as a sample piece in this anodization solution d.
The residual current density upon the completion of the
constant-voltage reaction was 0.021 mA/cm?>.

Reference Examples 1 to 4

Oxide films were formed in the same manner as in
Example 14 except using A5052 aluminum sample pieces
each of 20x8x1 mm in anodization solutions a to d, respec-
tively. The results are shown in Table 6.

FIG. 6 shows changes in current density with the lapse of
time during the anodic oxidation in Examples 14 to 16 and
Reference Example 1. It is seen that, using, instead of
A5052, the high-purity aluminum with the suppressed con-
tents of the specific elements (iron, copper, manganese, zinc,
and chromium) as the aluminum material for use in the
anodic oxidation, the residual current density decreases
regardless of the content concentration of magnesium or the
presence of zirconium in each Example and, since this
indicates that an ion current for repairing a defective portion
in the metal oxide coating film caused by the anodic oxi-
dation is small, the metal oxide coating film that is further
excellent is formed.

Examples 20 and 21

Oxide films were formed in the same manner as in
Example 15 except using HQ2 as sample pieces and anod-
izing them at constant currents of current densities 0.1
mA/cm? and 10 mA/cm?, respectively. The residual current
densities upon the completion of the constant-voltage reac-
tion were 0.013 mA/cm® and 0.014 mA/cm?, respectively.
The results are shown in Table 7 along with reaching times

required for reaching 200V after the start of the oxidation.
TABLE 7
Current Anodic Oxidation
Kind of Density  Reaching  Residual
Anodization Al Jec Time Current
Solution ~ Material (mA/cm?) (s) (mA/cm?)
Example 20 b HQ2 0.1 5713 0.013
Example 15 b HQ2 1 512 0.012
Example 21 b HQ2 10 44 0.014
Comparative b A5052 0.1 9686 0.036
Example 5
Comparative b A5052 1 518 0.040
Example 1
Comparative b A5052 10 55 0.047
Example 6
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Reference Examples 5 and 6

Oxide films were formed in the same manner as in
Examples 20 and 21 except using A5052 as sample pieces.
The residual current densities upon the completion of the
constant-voltage reaction were 0.036 mA/cm® and 0.047
mA/cm?, respectively. The results are shown in Table 7
along with reaching times required for reaching 200V after
the start of the oxidation.

It is seen that, using, instead of A5052, the high-purity
aluminum with the suppressed contents of the specific
elements (iron, copper, manganese, zinc, and chromium) as
the aluminum material for use in the anodic oxidation, the
residual current density decreases in each Example and thus
the excellent metal oxide coating film is formed. FIG. 7
shows voltage changes with the lapse of time during the
anodic oxidation in Example 21 and Reference Example 6.
It is seen that, in Example 21 using the high-purity alumi-
num, the predetermined voltage was reached in a shorter
time and thus the barrier-type metal oxide film can be
formed at high throughput.

Examples 22 to 26

With respect to metal oxide coating films formed under
the conditions of Examples 14 to 16, 20, and 21, respec-
tively, the samples were, after the completion of the reaction,
washed with pure water and then blow-dried with a nitrogen
gas, and then were annealed at 300° C. for 1 hour in the IR
furnace while causing a gas with a composition of nitrogen/
oxygen=80/20 (vol ratio) to flow at a flow rate of 5 L/min.
After the annealing, the samples were left standing so as to
be cooled to room temperature and then, using an anodiza-
tion solution b described in Table 1, the samples were
anodized at a constant current of 0.1 mA/cm?® until reaching
an anodization voltage of 200V and, after 200V was
reached, the samples were anodized at the constant voltage
for 5 minutes, thereby carrying the anodic oxidation again.
Table 8 shows the results about residual current densities
upon the completion of the constant-voltage reaction and
reaching times required for reaching 200V after the start of
the oxidation.

TABLE 8
Current Anodic Oxidation
Kind of Density  Reaching Residual
Anodization Al Jee Time Current
Solution  Material (mA/cm?) (s) (mA/em?)
Example 22 b HQO 1 1 0.0003
Example 23 b HQ2 0.1 52 0.0026
Example 24 b HQ2 1 8 0.0009
Example 25 b HQ2 10 12 0.0015
Example 26 b HQ4.5 1 6 0.0031
Comparative b A5052 0.1 532 0.0435
Example 7
Comparative b A5052 1 292 0.0396
Example 8
Comparative b A5052 10 140 0.0397
Example 9

Reference Examples 7 to 9

Reanodization was performed after annealing in the same
manner as in Examples 22 to 26 except using metal oxide
coating films formed under the conditions of Reference
Examples 1, 5, and 6, respectively. Table 8 shows the results



US 9,476,137 B2

29

about residual current densities upon the completion of the
constant-voltage reaction and reaching times required for
reaching 200V after the start of the oxidation.

It is seen that, using, instead of A5052, the high-purity
aluminum with the suppressed contents of the specific
elements (iron, copper, manganese, zinc, and chromium) as
the aluminum material for use in the anodic oxidation, if the
reanodization is performed after the annealing, the prede-
termined voltage is reached in a short time in each of
Examples 22 to 26 and, simultaneously, the residual current

30

solutions described in Table 9 at room temperature for 10
minutes, then washed with pure water, and then blow-dried
with a nitrogen gas.

Each sample was reanodized using the anodization solu-
tion b of Table 1 at a current density of 0.1 mA/cm” and the
etching amount of each barrier-type metal oxide coating film
by the corresponding chemical solution was calculated from
the amount of coulomb required for a voltage to reach 200V,
thereby deriving the etching amount ratio of the high-purity

10
density is reduced by one digit as compared with that at the aluminum material to the A5052 material. The results are
time of the initial formation of the metal oxide coating film, shown in Table 9.
TABLE 9
(Chemical Solution Resistance)
Chemical Solution Corrosion Resistance
Etching Amount Etching Amount
Kind of (nm) Ratio
Anodization Chemical Solution HQ2  A5052 HQ2 Material/A5052
Solution Name Concentration Material Material Material
Example b HNO3 1% 02 251 0.01
27
Example b HNO3 30% 205 862 0.24
28
Example b HNO3 70% 17 357 0.05
29
Example b HEF/H202 10 ppm 1.9 26.9 0.07
30
Example b HF/H202 100 ppm 20,6 1297 0.16
31
Example b HF/H202 1000 ppm 2053 289.3 0.71
32
and thus, by performing the annealing, the barrier-type metal FIG. 8 shows the surface states after the chemical solution
oxide coating film that is more excellent in quality is formed. treatment in Example 30.
: 40
.On the other hand, in e?ach of Refe.:ren.c N Examples. l t.o 0 As described above, the barrier-type metal oxide coating
using AS5052 as the aluminum material, if the reanodization . . . . .
. . . . . film of the high-purity aluminum material is less than 1 in
is performed after the annealing, a considerable time is . . .
. . . . etching amount ratio to the A5052 material and thus has a
required for reaching the predetermined voltage. It is con- . . . . .
. . . - higher corrosion resistance with respect to any chemical
jectured that if the specific elements (iron, copper, manga- . . .
. . . . . 45 solution kinds and concentrations.
nese, zinc, and chromium) are contained in the aluminum
material, voids including high-pressure gas are formed near
the interface between the barrier-type metal oxide coating Examples 33 and 34
film and the metal and, through expansion thereof due to the
heat .Of t.he anneali.ng, Cause occurrence of.microcracks or 50 Oxide films were formed using anodization solutions b
the like in the barrier-type metal oxide coating film, so that  4nd d described in Table 1, respectively, in the same manner
the reanodization takes a long time for repairing the cracks as in Example 14 except using HQ2 and A5052 as sample
and the residual current density stays approximately equiva-  pieces. The samples were, after the completion of the
lent to that at the time of the initial formation of the metal reaction, washed with pure water and then blow-dried with
oxide coating film. 55 anitrogen gas, and then were annealed at 300° C. for 1 hour
in the IR furnace while causing a gas with a composition of
Examples 27 to 32 nitrogen/oxygen=80/20 (vol ratio) to flow at a flow rate of 5
Anodized fil f d usi digati ! L/min. The obtained samples were weighed by the precision
_ Anodized films were formed using an anodization solu- electron balance and then exposed to a chlorine gas in the
tion b described in Table 1 in the same manner as in Example 60 o
: . reactor tube at 200° C. for 6 hours.
14 except using HQ2 and AS5052 as sample pieces. The )
samples were, after the completion of the reaction, washed After the exposure, the weight of each sample was
with pure water and then blow-dried with a nitrogen gas, and weighed by the precision electron balance to calculate a
then were annealed at 300° C. for 1 hour in the IR furnace weight reduction rate of each metal oxide coating film,
while causing a gas with a composition of nitrogen/oxy- 65 thereby deriving a weight reduction rate ratio of the high-

gen=80/20 (vol ratio) to flow at a flow rate of 5 L/min. The
obtained samples were immersed in respective chemical

purity aluminum material to the AS052 material. The results
are shown in Table 10.
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TABLE 10

32

(Chlorine Gas Resistance)

Chlorine Gas Resistance

Weight Reduction

Weight Reduction

Kind of Gas Rate (wt %) Rate Ratio
Anodization Concentration ~ HQ2  AS5052 HQ2 Material/A5052
Solution Kind (wt %) Material Material Material
Example b ClL, 100 0.01 0.20 0.05
33
Example d ClL, 100 0.40 1.77 0.23
34
15

FIG. 9 shows the surface states after the chemical solution
treatment in Example 33.

As described above, each barrier-type metal oxide coating
film of the high-purity aluminum material is less than 1 in
chlorine-gas exposure weight reduction rate ratio to the
barrier-type metal oxide coating film of the A5052 material
and thus has a higher corrosion resistance against the
chlorine gas. Further, the metal oxide coating film obtained
using the anodization solution b has a higher corrosion
resistance as compared with the metal oxide coating film
obtained using the anodization solution d.

Next, other features of this invention will be described
based on experimental data.

Table 11 shows compositions of pure Al and various Al,
FIG. 10(a) shows the voltage characteristics when anodizing
these Al using a nonaqueous electrolyte solution (containing
1 mass % adipic acid), and FIG. 10(b) shows the current
characteristics.

TABLE 11

Component Composition and Content of Aluminum Alloy

total content (wt %)

Al composition element (wt %) 3 [Cu, Fe,
Al-alloy Cu Fe Cr Mn Si Mg Cr, Mn, Si]
SN-Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A1050 0.02 035 0.00 0.00 0.06 0.00 0.43
A2000 490 050 0.10 090 0.50 ? 6.90
A3003 0.13 0.55 0.00 1.07 030 0.01 2.05
A4243 0.01 030 0.00 0.03 7.52 0.00 7.86
A5052 0.10 0.41 035 0.09 025 251 1.20
A6061 0.27 042 026 0.03 0.57 097 1.55
A7075 1.40 033 021 001 0.08 277 2.03

FIG. 11 shows residual current values after the anodic
oxidation in relation to the total contents of impurities (Cu,
Fe, Cr, Mn, Si) in the Al alloys. It is seen from FIG. 11 that
the total content of the impurities is preferably 1 mass % or
less. These impurities, when oxidized, aggregate at the
interface between an oxide film and Al and produce an
oxygen gas by its catalytic action, thereby worsening the
residual current value and causing cracks in the oxide film
during annealing.

FIG. 12 shows the results of anodizing, in the same
manner with a nonaqueous solution, high-purity Al contain-
ing Mg and Zr in small quantities and having compositions
shown in Table 12. FIG. 12(a) shows the voltage character-
istics and FIG. 12(b) shows the current characteristics. In the
voltage characteristics, the voltage linearly increases to a
predetermined voltage with respect to all the samples. In the
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current characteristics, the current reaches a sufficiently low
residual current with respect to each sample except A5052.

TABLE 12

Component Composition and Content of High-Purity Aluminum Allo
total

content

(wt %)

= [Cu,

composition element (wt %) Fe, Cr,

Al alloy Cu Fe Cr Mn Si Zr Mg Mn, Si]
AlMgl 0.00 0.00 0.00 0.0 0.00 0.11 099  0.00
AlMg2 0.00 0.00 0.00 0.00 001 0.11  2.03 0.01
AlMg3 0.00 0.00 0.00 0.00 001 0.11 3.05 0.01
AlMg4 0.00 0.00 0.00 0.00 001 0.11 4.05 0.01
AlMg4.5 0.00 0.00 0.00 0.00 001 0.11 455 0.01

After the anodic oxidation of FIG. 12, the samples were
washed with pure water, dried in a nitrogen gas, and
annealed at 300° C. for 1 hour. The annealing was carried
out by causing a mixed gas containing an oxygen gas and a
nitrogen gas in a volume ratio of 20:80 to flow at a flow rate
of 5 liters per min. Reanodization was performed for evalu-
ating oxide films after the annealing. FIG. 13(a), () respec-
tively show the voltage characteristics and the current char-
acteristics and FIG. 14 show residual current values before
and after the annealing/reoxidation. In the changes in
residual current density shown in FIG. 14, mark o concerns
pure Al and high-purity Al—Mg alloys after anodic oxida-
tion, mark ¢ concerns pure Al and high-purity Al—Mg alloys
after annealing and reanodization, mark [] concerns A5052
alloy after anodic oxidation, and black square concerns
A5052 alloy after annealing and reanodization. It is seen that
the residual current values strikingly decrease by the anneal-
ing/reoxidation. This is because the insulating properties of
the oxide films are largely improved. With respect to A5052,
cracks are generated in the oxide film due to the annealing
or the like to degrade the properties.

FIG. 15 shows the relationship between voltage and
anodized film thickness in anodic oxidation of AlMg2
(Al—Mg2 wt %-Zr0.1 wt %). It is seen that the thickness
increases substantially in proportion to the voltage as the
voltage becomes higher.

FIG. 16 shows the relationship between anodization volt-
age and oxide film resistivity in anodic oxidation of AIMg2
(Al—Mg2 wt %-7r0.1 wt %). The resistivities are all 1E11
or more and the resistivity increases by 10 to 50 times by the
annealing/reoxidation.

FIG. 17(a), (b), (c) show the states where AIMg2 samples
with anodized films annealed at 300° C. for 1 hour after
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anodic oxidation are exposed to an ammonia gas, a chlorine
gas, and an HBr gas at 200° C., respectively, along with the
state of (d) where an alumite is exposed to a chlorine gas at
100° C. These states are after the exposure to the gases at 0.3
MPa for 6 hours. It is seen that the oxide films of this
invention are not damaged.

FIG. 18 shows corrosion resistance properties represent-
ing the results of exposing AIMg2 samples annealed at 300°
C. for 1 hour after anodic oxidation to irradiated ions. The
axis of abscissas represents the ion implantation energy in
terms of plasma potential and the axis of ordinates repre-
sents the corresponding etching rate. It is seen that, at a
plasma potential of 100V, the anodized films of this inven-
tion have complete resistance against various radicals such
as hydrogen radicals, oxygen radicals, chlorine radicals,
bromine radicals, and fluorine radicals and against ion
irradiation in a plasma.

FIG. 19 shows the effect achieved when Zr is added in an
amount of 0.1 mass % to high-purity Al (the total content of
impurities is 100 ppm or less) containing Mg, suitable for
use in this invention, in an amount of 1.5 mass % and to
high-purity Al containing 2 mass % Mg, and also shows the
case where Zr is not added. It is seen that the growth of Al
crystal grains is suppressed by the addition of Zr. It is also
seen that the addition of 2% Mg has a similar effect.

INDUSTRIAL APPLICABILITY

As described above, according to this invention, it is
possible to provide a metal oxide film containing aluminum
as the main component, particularly a barrier-type metal
oxide film with no fine holes or pores, and a manufacturing
method thereof. This metal oxide film and a laminate having
it exhibit excellent corrosion resistance against chemicals
and halogen gases, particularly a chlorine gas. Further, since
cracks hardly occur in the metal oxide film even when
heated, it is possible to suppress generation of particles and
corrosion due to exposure of the aluminum base body,
thermal stability is high, and release of outgas from the film
is small in amount. If it is used as a protective film of a
structural member such as an inner wall of a vacuum
apparatus such as a vacuum thin-film forming apparatus, the
ultimate vacuum of the apparatus is improved and the
quality of thin films manufactured is improved, thus leading
to reduction in operation failure of devices having the thin
films.

Further, according to a metal oxide film manufacturing
method of this invention, it is possible to efficiently form a
pore-free metal oxide film with a high withstand voltage in
which cracks hardly occur during heating. This metal oxide
film is suitable as a protective coating film for the surface of
a metal base member and further it can be used as an
impurity shielding coating film or an anticorrosive coating
film, and thus, its application range is wide.

The invention claimed is:

1. A metal oxide film manufacturing method for manu-
facturing an amorphous barrier metal oxide film for use as
a coating film for protecting a structural member of a
semiconductor or flat panel display manufacturing appara-
tus, said method comprising:

anodizing a metal or metal alloy containing aluminum as

a main component in an anodization solution of pH 4
to 10 and at an anodization voltage of 150V or greater,
thereby obtaining the amorphous barrier metal oxide
film on the structural member of a semiconductor or the
flat panel display manufacturing apparatus formed of
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an oxide of the metal or metal alloy containing alumi-
num as the main component,

wherein the anodization solution comprises mainly at

least one nonaqueous solvent selected from the group
consisting of ethylene glycol, diethylene glycol, trieth-
ylene glycol, and tetracthylene glycol and the ratio of
water to the nonaqueous solvent is 40 mass % or less
based on the total amount of water and the total amount
of the non-aqueous solvent, and wherein the anodiza-
tion solution further comprises at least one electrolyte
selected from the group consisting of boric acid, phos-
phoric acid, organic carboxylic acid, and salts thereof,
and

wherein said metal or metal alloy containing aluminum

has a total content of iron, copper, manganese, zinc, and
chromium of 0.01 mass % or less,

wherein said amorphous barrier metal oxide film has a

thickness of 10 nm to 1 um and a water release amount
from said amorphous barrier metal oxide film is 1E18
molecules/cm? or less.

2. A laminate manufacturing method for manufacturing a
laminate for use as a structural member of a semiconductor
or flat panel display manufacturing apparatus, said method
comprising:

anodizing a base body made of a metal or metal alloy

containing aluminum as a main component in an anod-
ization solution of pH 4 to 10 and at an anodization
voltage of 150V or greater, thereby forming barrier
metal oxide film on the structural member of a semi-
conductor or the flat panel display manufacturing appa-
ratus, wherein the amorphous barrier metal oxide film
is made of an oxide of the metal or metal alloy
containing aluminum as the main component on said
base body,

wherein the anodization solution comprises mainly at

least one nonaqueous solvent selected from the group
consisting of ethylene glycol, diethylene glycol, trieth-
ylene glycol, and tetracthylene glycol and the ratio of
water to the nonaqueous solvent is 40 mass % or less
based on the total amount of water and the total amount
of the non-aqueous solvent, and wherein the anodiza-
tion solution further comprises at least one electrolyte
selected from the group consisting of boric acid, phos-
phoric acid, organic carboxylic acid, and salts thereof,
and

wherein said metal or metal alloy containing aluminum

has a total content of iron, copper, manganese, zinc, and
chromium is 0.01 mass % or less,

wherein said amorphous barrier metal oxide film has a

thickness of 10 nm to 1 um and a water release amount
from said amorphous barrier metal oxide film is 1E18
molecules/cm? or less.

3. The metal oxide film manufacturing method according
to claim 1, wherein said anodization solution comprises
adipic acid.

4. The metal oxide film manufacturing method according
to claim 1, wherein said anodization solution has a pH of 6
to 8.

5. The laminate manufacturing method according to claim
2, wherein said anodization solution comprises adipic acid.

6. The laminate manufacturing method according to claim
2, wherein said anodization solution has a pH of 6 to 8.

7. A metal oxide film manufacturing method for manu-
facturing an amorphous metal oxide film for use as a coating
film for protecting a structural member of a semiconductor
or flat panel display manufacturing apparatus, said method
comprising:
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anodizing a metal or metal alloy member including alu-
minum as a main component in an anodization solution
comprising mainly at least one non-aqueous solvent
selected from the group consisting of ethylene glycol,
diethylene glycol, triecthylene glycol, and tetraethylene
glycol of pH 4 to 10 by applying a voltage not lower
than 150 V, to obtain the amorphous metal oxide film
including aluminum as the main component,

wherein the anodizing comprises:

a first step of placing said metal or metal alloy member
and an opposed electrode in said anodization solution;

a second step of applying an anodization voltage between
the metal or metal alloy member and the opposed
electrode until an electric current reaches a constant
current between a range of 0.01 and 100 mA per square
centimeter;

a third step of maintaining the anodization voltage
between the metal or metal alloy member and the
opposed electrode for a predetermined period of time;
and

a fourth step of heat-treating said metal or metal alloy
member at a predetermined temperature of from 150°
C. to 600° C.
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8. The metal oxide film manufacturing method according

to claim 7, wherein the ratio of water to the nonaqueous
solvent is 40 mass % or less based on the total amount of
water and the total amount of the non-aqueous solvent,

wherein the anodization solution further comprises at
least one electrolyte selected from the group consisting
of boric acid, phosphoric acid, organic carboxylic acid,
and salts thereof, and

wherein said amorphous metal oxide film has a thickness
of 10 nm to 1 um and a water release amount from said
amorphous metal oxide film is 1E18 molecules/cm® or
less.

9. The metal oxide film manufacturing method according

to claim 7, wherein said anodization solution comprises
adipic acid.

10. The metal oxide film manufacturing method accord-

ing to claim 7, wherein said anodization solution has a pH
of 6 to 8.

11. The metal oxide film manufacturing method according

to claim 7, wherein the anodizing forms a pore-free metal
oxide film having an entirely amorphous structure.
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